Abstract The development of miniaturized cell culture platforms for performing parallel cultures and combinatorial assays is important in cell biology from the single-cell level to the system level. In this paper we developed an integrated microfluidic cell-culture platform, Cell-microChip (CellμChip), for parallel analyses of the effects of microenvironmental cues (i.e., culture scaffolds) on different mammalian cells and their cellular responses to external stimuli. As a model study, we demonstrated the ability of culturing and assaying several mammalian cells, such as NIH 3T3 fibroblast, B16 melanoma and HeLa cell lines, in a parallel way. For functional assays, first we tested drug-induced apoptotic responses from different cell lines. As a second functional assay, we performed "on-chip" transfection of a reporter gene encoding an enhanced green fluorescent protein (EGFP) followed by live-cell imaging of transcriptional activation of cyclooxygenase 2 (Cox-2) expression. Collectively, our CellμChip approach demonstrated the capability to carry out parallel operations and the potential to further integrate advanced functions and applications in the broader space of combinatorial chemistry and biology.
Introduction
Conventional cell-based experiments are typically performed on a large cell population. Researchers have begun to appreciate that there are local variables associated with the heterogeneous microenvironment in the macroscopic culture setting, which often leads to experimental inconsistency. On the other hand, differences among individual cells are often ignored since the conventional assays (e.g., Weston blots and microarray analysis) are conducted at a collective fashion. As a result, it is challenging to elucidate complex cellular systems and analyze dynamic signaling pathways (Irish et al. 2006 ) using the conventional experiment systems. To overcome these challenges, it is essential to develop a new technology platform to enable (1) improved control on the cell culture microenvironment, (2) precise cell assays with the single-cell resolution, and (3) sequential and parallel operation by combining those mentioned in (1) and (2). We envision such a technology can be applied for screening drug candidates Padron et al. 2000) , evaluating biological pathways (Minor 2003) , and understanding pharmacological effects (Hill et al. 1998; Umezawa 2005) , thus constituting critical technological foundations for a broad spectrum of biomedical research.
Microfluidic devices offer a robust analytical tool that allows rapid analysis of cellular responses to external stimuli in a parallel way. Moreover, microfluidics, with its intrinsic advantages of sample/reagent economy, precise control over physical and chemical microenvironments, high throughput, scalability and digital controllability, whose features allow microfluidics to investigate complex and dynamic biological processes at the single-cell level. In addition, microscale cell culture using microfluidics allows investigating the function of microenvironmental cues at the single-cell level. Especially, compared to static microfluidic cell-culture systems, integrated microfluidics allows for the control of adding and/or removing of biochemical cues at specific temporal as well as spatial points. This unique advantage makes it possible to do novel microenvironmental experiments, such as cell-cell interactions and extracellular matrix (ECM)-cell interactions. However, there are several issues associated with the fabrication and control of integrated microfluidic cell culture systems in order to achieve routine cellular assays of mammalian cells. Even though microfluidic cell culture systems have been developed extensively, they can mainly be described into two ways: what kinds of cell culture platforms were used, and what types of cells and applications were tested. Many different cell culture platforms have been developed, including two-dimensional, three-dimensional (Cartmell et al. 2003; ) and co-culture platforms (Sin et al. 2004) . Those microfluidic approaches enabled to culture and assay many different cells, such as liver (Kane et al. 2006; Sin et al. 2004; Zhang et al. 2008) , muscle (Tourovskaia et al. 2005; Tourovskaia et al. 2006) , neural (Millet et al. 2007; Park et al. 2006) , and stem cells (Chung et al. 2005; Gomez-Sjoberg et al. 2007; Kim et al. 2006) . Despite these recent advances, several critical questions and several challenges should be addressed more explicitly, and optimized to fully achieve the potential of microfluidic cell culture and assays. It requires the abilities: (1) to test a robust and flexible fluidic configuration (e.g., flow through vs. circulation) for cell culture and (2) to fabricate microfluidic network capable of performing sequential and parallel operations such as parallel culture of multiple cell types and subsequent phenotypic and functional assays in the same microfluidic chip. In this context, incorporation of isolation valves (Unger et al. 2000) and peristaltic pumps (Chou et al. 2001) should allow individual addressability and digital controllability (Lee et al. 2005; Wang et al. 2006 ) of each cell culture chamber embedded on a microfluidic device, which in turn should enable complex manipulations of the culture microenvironments as well as multiple analytical measurements.
Over the years, there have been a variety of microfluidic chips directed for functional biological assays. These include differentiation of cell through different flow rates (Gu et al. 2004 ), fully automated cell culture system by two-layer PDMS chips (Gomez-Sjoberg et al. 2007 ), optimization of drug cocktail to regulate cell activities through closed-loop control algorithm and microfluidic platform (Wong et al. 2008) , and modelling of galactose pathway in an alternating culture environment (Bennett et al. 2008 ). All these devices or systems have provided additional modules and thus are superior to the conventional setting on conducting biological research or routine operations.
In this paper, we describe the design and operation of polydimethylsiloxane (PDMS)-based Cell-microChip (CellμChip, Fig. 1 ) envisioned as a digitally controlled platform for performing parallel cell culture and sequential cellular assays. The potential of the Cell-μChip to support the optimal culture and assays of human and murine cell lines was demonstrated. To determine the optimal culture conditions, these cells were cultured in six cell culture chambers embedded on a Cell-μChip under two different medium supply modes in parallel (i.e., circulation and direct feeding). The growth and viability of the microcultures were monitored and quantified in real time in the Cell-μChip using an integrated CCD camera. Sequential staining with acridine orange (AO) and propidium iodide (PI) (Hudson et al. 1969; Traganos et al. 1977 ) allowed the identification of viable and dead cells, respectively. To demonstrate the ability to perform "on chip" functional assays, we analyzed drug-induced apoptotic responses. Furthermore, we showed that the Cell-μChip is amenable to complex sequential operations such as genetic manipulation and monitoring of transcriptional activation of gene expression.
Experimental

Microfluidic cell culture
Using the integrated valves and pumps, bovine fibronectin (FN) (Sigma) solution (1.0 mg mL −1 ) filled in Teflon tubing was introduced into the six cell culture chambers of the Cell-μChip. The Cell-μChip was kept at 37°C for 30 min for FN coating. DMEM was then introduced into the cell culture chambers to extrude the FN solution. The medium reservoirs and medium tubings were then dead-end filled with DMEM at 10 psi for 60 min (Song et al. 2008) . Then, individual cell suspensions (NIH 3T3, HeLa and B16) with 2× 10 6 cells mL −1 were sequentially introduced by gravitation into the cell culture chambers. After cell loading, cells located outside the culture chambers were removed by washing with fresh DMEM. The Cell-μChip was placed in an incubator for 6 h. The pump was turned on to introduce the DMEM in a circulating or feed through fashion in the respective culture chambers. The flow rate of the medium was controlled in the range of 0.1-4 nL s −1
. Cell growth was monitored by collecting bright field micrographs of cells inside the Cell-μChip at 12-h intervals.
Immunoassay for fibronectin
To confirm FN coating efficiency in cell culture chambers, immunoassay for FN was performed. After FN coating in a Cell-μChip, blocking solution containing 5% BSA and 0.1% N-dodecyl-β-D-maltoside (DDM) (Pierce) was introduced in a Cell-μChip, and then kept at room temperature for 1 h. Mouse anti-FN (BD Biosciences) was loaded into cell culture chambers, and incubated at room temperature for 2 h. Excess antibody in cell culture chambers were rinsed with PBS with 0.1% Tween 20 (PBS-T) twice. Then secondary goat anti-mouse IgG conjugated with Alexa555 (Invitrogen) were introduced in (a) Fig. 1 (a) Schematic representation of an integrated CellmicroChip (Cell-μChip) for performing multiple cell culture and assays under a digitally controlled interface. Three pairs of parallel-oriented cell culture chambers are incorporated in a Cell-μChip, where multiple cell types can be cultured under two different modes of medium supply, i.e., circulatory (channels i, iii and v) and direct feeding (channels ii, iv and vi). The operation of this microchip is controlled by pressure driven valves with their delegated functions indicated by their colors: red for regular valve (for isolation and gating) and yellow for pumping valve (for fluid transport and circulation). (b) Optical image of the actual device. The microchip was loaded with various colors of food dyes to enhance the visualization of different parts in the entire system: red and yellow as in (a); blue indicates the flow channel and the medium reservoir cell culture chambers and incubated at room temperature for 1 h. After washing with PBS-T twice, fluorescent intensity was measured with a fluorescent microscope, and quantified with MetaMorph.
AO/PI fluorescence staining
After culturing the cells in the Cell-μChip for 4 days, a solution composed of DMEM, AO and PI in a ratio of 10:1:1 was introduced into the cell culture chambers. After 5 min incubation at 37°C, the cells were imaged under a fluorescence microscope.
Apoptosis assay
NIH 3T3, HeLa and B16 cells were cultured in the cell culture chambers of the Cell-μChip for 24 h. Staurosporine (0, 0.1, 1 and 10 μM as final concentrations) or actinomycin D (0, 0.1, 1 and 10 μM as final concentrations) in DMEM culture medium were loaded into the cell culture chambers. After 2 h incubation, the medium in all cell culture chambers was replaced by the MitoTracker Red dye (Invitrogen) for staining of viable cells. The CellμChip was incubated for 30 min at 5% CO 2 , 37°C. Sequentially, the MitoTracker Red solution was replaced by a solution containing 100 μL of Annexin binding buffer and 5 μL of Annexin V-Alexa488 for staining the apoptotic cells. Following 15 min incubation at RT, cell culture chambers were flushed with Annexin binding buffer and the cells were imaged using a fluorescence microscope.
2.5 On-chip transfection and reporter gene imaging NIH 3T3 cells were loaded into the six culture chambers of the Cell-μChip and were allowed to settle for 24 h. Cells were transfected with the pCox2-EGFP plasmid (a kind gift from Prof. Harvey R. Herschman, UCLA), encoding an enhanced green fluorescent protein (EGFP) under a murine Cox-2 promoter (Liang et al. 2004 ). The transfection mixture containing plasmid (0.5 μg), medium (30 μL) and transfection reagent (2.5 μL, Superfect reagent, Qiagen) was incubated at RT for 10 min. The mixture was further diluted with 150 μL of DMEM and loaded into all culture chambers of the CellμChip. After 3-h incubation at 5% CO 2 , 37°C, the mixture was replaced with serum-free DMEM and cells were incubated for an additional day. To activate the Cox-2 promoter the culture media in three out of six chambers was replaced with media containing the induction agent TPA (50 ng mL −1 ). Following 7 h incubation at 5% CO 2 , 37°C, EGFP expression was imaged using a fluorescence microscope.
3 Results and discussion
Design of the Cell-μChip
The PDMS-based Cell-μChips ( Fig. 1) were fabricated by multilayer soft lithography approach (see supplementary information) (Unger et al. 2000; Xia and Whitesides 1998) .
It is important to note that the biocompatible and gaspermeable properties (Kim et al. 2007; Korin et al. 2007 ) of PDMS matrices help to retain proper physiological conditions for a wide range of mammalian cells suitable for different screening applications. A fluidic network for individually addressable cell culture chambers and solution/reagent transport was integrated with embedded pneumatic valves and peristaltic pumps. This design enabled to digitally control sequential operations. The chip consisted of three identical pairs of parallel-oriented culture chambers with identical dimensions (3×0.5×0.1 mm 3 , corresponding to a volume of 150 nL). To allow synchronized pumping, six internally connected peristaltic pumps were incorporated at the ends of the six cell culture chambers.
Each pair of culture chambers was configured to have two types of medium supplies: one allowing media recirculation through the culture chamber for cellular auto-conditioning and the other enabling direct feeding of cells with fresh media. The size of medium reservoir could accommodate about 10 μL of culture media, a volume sufficient to sustain continuous on-chip cell culture for 8 days. In contrast, supply Teflon tubings were utilized to After 5 days culture, we could not count cell number precisely due to cell confluence and multiple cell layers in the cell culture chambers store and deliver fresh culture media. This design allowed us to perform six cell culture experiments in a closely related microenvironment under two different culture media supply modes.
Surface modification with fibronectin
We initially used bare PDMS surface to seed cells, however, we found that cells either could not attach to the surface well or they detached so easily when new fresh media were supplied. We reasoned that this problem was due to the inherent hydrophobicity of PDMS materials. Thus, we tested to use ECMs in order to make the surface hydrophilic and biocompatible for cell adhesion. In our searching optimal ECMs, FN is effectively coated on the PDMS surface in our Cell-μChip (Fig. 2) . Several different conditions, such as different FN concentrations and incubation time, were tested to optimize the FN coating condition. We confirm the efficiency and homogeneity of FN coating on PDMS by immunoassay. As a result, 1 mg mL −1 of FN for 30 min incubation at 37°C is the optimal condition in a Cell-μChip.
Cell culture in the Cell-μChip
We initially demonstrated to culture NIH 3T3 cells in all culture chambers of a Cell-μChip (Fig. 3 , Supplementary Information and Fig. S1 ). Generally, following loading on the chip, it took about 1 h for cells to attach and spread onto the FN-coated culture chamber surfaces. NIH 3T3 cells grew to confluence, and the whole microchannel was fully occupied at day 8. During this period, we continuously monitored cell growth inside the Cell-μChip using a CCD camera (see ESM Movie 1). Interestingly, cells in a CellμChip grew on the bottom as well as ceiling. This phenomenon is not allowed under conventional culture conditions using Petri dishes. This observation indicated that a Cell-μChip could provide unique and intrinsic characteristics of cell culture manipulations. To determine cell viability we performed AO/PI fluorescence staining ( Fig. 3(b) -(e)). AO staining (Fig. 3(c) ) indicated that the majority of cells in the chamber were viable. PI staining (Fig. 3(d) ) showed a small percentage of dead cells.
Parallel culture of multiple cell lines in a single
Cell-μChip
To demonstrate this concept, we cultured NIH 3T3, HeLa and B16 cells in a single Cell-μChip (Fig. 4) . NIH 3T3, HeLa and B16 cells were sequentially loaded into the pairs of culture chambers; i-ii, iii-iv and v-vi accordingly. After cell adhesion, the six peristaltic pumps were turned on to feed cells with the medium, in either recirculation or direct feeding setting. The results were consistent with those observed for the parallel culture of NIH 3T3 cells. Cell numbers increased significantly for all three cell lines. To examine cell viability in the three reservoir-attached cell culture chambers, we performed sequential PI/AO staining. As a result, most of the cells are viable, and few dead cells were observed (data not shown). To quantify the culture parameters in the Cell-μChip we sought to determine growth rate for the three cell types (Fig. 4(d) ). We observed that the curves reflected a linear growth phase until the cells reached confluence followed by a stationary phase. Comparing the cell growth with medium-recirculation or direct feeding setting, first we used NIH 3T3 cells and continuously monitored them. There was no clear difference in NIH 3T3 cell growth between the two settings ( Fig. 4(d) ).
In the case of HeLa and B16 cells, we obtained similar results as NIH 3T3 cells (data not shown). This result indicates that a Cell-μChip serves a platform to perform multiple cell culture in a single device.
On-chip apoptosis assay
Apoptosis is not only fundamentally involved in developing cells and maintaining tissue homeostasis, but also can be closely related to several diseases including cancer, autoimmune, and neurodegeneration. Even though, extensive studies have been reported to dissect apoptosis's molecular basis, more system level as well as single-cell level analysis by using integrated microfluidics would bring new insights for the underlying mechanisms of these biological processes. To demonstrate the capability of "on chip" functional analyses with the Cell-μChip, we performed a drug-induced apoptosis assay (Fig. 5) . We used two kinds of apoptosis inducers, staurosporine (ST) (Rajotte et al. 1992; Tafani et al. 2001; Wang et al. 1996) and actinomycin D (AD) (Martin et al. 1990 ). NIH 3T3, HeLa and B16 cells were treated with apoptosis inducers at four concentrations (0, 0.1, 1 and 10 μM) in the CellμChips. ST or AD treated cells increased apoptotic cell population with a dose-dependent manner of apoptosis inducers. Although cell viability among untreated and treated cells appeared to be the same based on the MitoTracker staining, the cells underwent the apoptosis process at various speeds according to the drug concentration, as demonstrated by the Annexin V staining. We conclude that the Cell-μChip served as a platform to perform multiparametric functional assays. from parallel microfluidic cellular assays can help to identify the optimal condition. To demonstrate the feasibility of performing the other assay in the Cell-μChip, gene transfection experiments were carried out (Fig. 6) . For proof-of-concept, we used a plasmid vector with an enhanced green fluorescent protein (EGFP) driven by a cyclooxygenase-2 (Cox-2) promoter. Therefore, EGFP expression serves as a reporter of Cox-2 transcription. The basal expression level of Cox-2 in NIH 3T3 cells is very low. Tetradecanoylphorbol acetate (TPA) can activate Cox-2 transcription. EGFP expression in these cells was monitored under a fluorescence microscope. As shown in Fig. 6 , even though weak EGFP signals were detected in the negative control chambers, strong EGFP signals were observed in TPA-induced transfected cells in the corresponding cell culture chambers.
Conclusion
In summary, we developed a fully digitally controlled microfluidic cell culture and assay platform that could support parallel cell culture and sequential cell assays. Through the integration of isolation valves, murine and human cells lines could be cultured in different cell culture chambers and tested for different conditions of cell culture and assays in a single Cell-μChip. Real-time monitoring of cell morphology and numbers, viability assay, apoptosis assay and transfection to monitor expression of a reporter gene vector were also performed using the same platform.
Our results indicate that intrinsic advantages of microfluidic devices enable the execution of complicated and integrated biological operations in stand-alone devices such as the Cell-μChip. We envision that this platform will be further integrated with advanced functions and utilities for more sophisticated cell culture applications.
